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NOTATIONS 


A stress path corresponds to conventional drained test 

a area of the sample 

& r area of the piston 

D* Model parameter (constant) 
e void ratio 

K coefficient of lateral earth pressure 

M critical state frictional constant 

p 1 mean effective pressure 


p c critical pressure 

p equivalent consolidation pressure (Hvorslev) 

€# 

q devi itoric stress ( o^~ c^) 

q „ deviatoric stress at failure 

a l ,ot 3 parameter (constants) 


'V 


e 

n 

tc 

X 

$ 


volumetric strain 
distortional strain 
anisotropic ratio q/p 1 

slope of tlie swelling curve in e In p plot 
slope of the consolidation curve in e In p plot 


angle of internal friction*, 



SYNOPSIS 


A MODEL TO PREDICT S TEES S -DEFORMATION BEHAVIOUR OP IORKALLY 

CONSOLIDATED CLAYS 

(A thesis submitted in partial fulfilment of the 
requirements for the Degree of Master of Technology by 
V . Kuganathan to the Department of Civil Engineering, 

Indian Institute of Technology, Kanpur, India.) 

The stress deformation behaviour of normally consolidated 
wet clay along various stress paths in the plane of triaxial 
stresses has been the subject of investigation. Pully 

2 

drained triaxial tests were cartied out on specimens (11.68 cm 

p 

area) consolidated under 0.2 kg/cm vertical pressure in 

perspex glass cylinders. The test program consisted of 

, ■(<+ 2 <) 

p _ - constant tests q= (cr^-a^) constant tests, conven- 

tional drained and undrained tests on aniso tropically conso- 
lidated specimens. The tests were designed to provide 
information on state boundary surface and the failure states 
of the clay. 

The model parameter evaluation from the suitable 
plots of p'-constant tests and q-constant tests is explained 
and it is shown that in the practical range of n values 
these parameters are more or less constant. The prediction 
of conventional drained tests by the proposed model was 



done and a very good agreement "between the observed results 

W/GS 

and the prediction* in obtained. Similarly it is shown that 
the proposed model predicts the anisotropic consolidation 
tests satisfactorily. 

It is shown that the state boundary surface for drained 
tests and the state boundary surface for undrained tests are 
not the same . This contrasts with the hypothesis implicit 
in the Cambridge theory that the surface obtained from the 
shear tests on isotropically consolidated samples at different 
water contents can be used to predict the anisotropic 
behaviour of the clay* 



CHAPTER 1 
INTRODUCTION 

1.1 . PREDICTION IN GEOTECHNICAL ENGINEERING 

According to Professor T.W. Lambe (1973), Predicting 
constitutes an integral component - the very heart- of the 
practice of Civil Engineering. The successful engineer 
must not only predict hut also take decisions and take 

actions on the basis of his predictions . Predicting is a 
Key step in the process of creating and maintaining a cons- 
tructed facility. In addition to participating in predi- 
ction of construction costs, environmental impact and so on, 
the Geotechnical Engineer predictsmany aspects of performance 
of Civil Engineering facilities. Some of the aspects of 
performance which the Engineer may be required to predict 
are 

a. deformations (both magnitude and rate ) 

b . stability 

c. Loads - both lateral and vertical applied to 

structures resting on or within soil. 

(e.g. struts, sheeting, pipes, tunnels etc.) 
Although there are many techniques fo|r predicting internal 
stresses, deformations and stability for a Geotechnical facility, 
the application of these techniques has limitations. The 
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major limitations are the difficulty of determining fully 
and accurately the field situation, the mechanisms which will 
occur, and the selection of soil parameters , to use with 
prediction methods . 

1>2 STABILITY DEPOEMAIIOI BEHAVIOUR 

Although most of the early research carried out on the 
Behaviour of soils under the action of applied stresses was 
restricted to a study of peak strength conditions and failure 
criteria, cui increasing amount of attention is Being given 
recently to a study of pre-peak stress strain behaviour. 

This results from the realization that most foundation elements 
are stressed at levels significantly below the failure stress 
and a good prediction of deformations requires accurate deter- 
mination of stress strain, behaviour in the range of working 
stresses . 

Study of stress strain behaviour of soils with an 
objective to formulate simple and reliable predictive 
techniques was vigorously advocated by the Late Professor 
Roscoe (1970) . finite element method has been extensively 
employed to simulate actual field deformation conditions in 
the study of soil structure interaction problem. According 
to Prevost (1974) a point of diminishing returns has been 
reached with respect to the basic formulation of finite element 
method. Prevost stresses the need for the researchers to 



3 


devote much more attention to the development of realistic 
constitutive relations for soils. Main objective of this 

thesis is to attempt along this direction. 

1.3 LABORATORY TESTING AND El ELD PREDICTIONS 

It is always difficult to relate laboratory tests 
directly to field problems • We are off en faced not only 
with obvious non-homogeneity but also with the less obvious 
anisotropy which results from both microstratification and 
stress history. 

The practice of Geotechnical Engineering requires that 
both non-homogeneity and anisotropy are handled in such a 
way that satisfactory engineering solutions are achieved in 
both the design and construction process . 

In order to obtain these solutions we need some basic 
understanding of the way in which anisotropic materials 
behave and it is often more useful to carry out a few tests 
designed to throw light on the basic behaviour rather than 
produce a mass of test data of a routine nature. 

1.4 STATEMENT OF THE PROBLEM 

The scope of the present investigation is 
(l) To consider how a sample which has been consolidated 

anisotropically to a particular stress state reacts to 
stress probing in any direction within the Triaxial 
stress plane • 
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(2) To -verify the predictability of a model, which was 
proposed by Mathur (1976). This model is based on 
two simple Triaxial tests,- viz . 

< + 2a„ 

j> _ — — - — constant,' and g. = cr^ - constant. 



CHAPTER 2 
LITERATURE RETLEW 


2.1 G-eneral _ ("before I960) . 

In the extensive literature on the shear behaviour of 

soils much more attention has been concentrated upon invest!— 

. rather 

gat ion of the ** strength properties ’j/than upon the M defor- 
mation characteristics”. 

The case for a unique relationship between vaidratio 
and effective stress for a saturated normally consolidated 
soil was first advanced by Rendulic (1937) who argued that 
the new void ratio after a change in effective stress is not 
dependent on the stress path but is exclusively determined 
by the three new principal effective stresses. His tests 
showed the relationship between drained and undrained 

tests under increasing stresses on isotropically consolidated 

sample . He further argued that tests on anisotropically 

t 

consolidated samples would fall into the same pal^grn.. 

His work was later extended by Henkel (1958) who considered 
tests involving more elaborate stress paths. 

Many attempts had been made to extend the theory of 
plasticity originally developed for metals, to model soil 


behaviour 
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Predictions of shear strain is of considerable interest .- 
Drucker et al (1957) considered that soil could he treated 
as conforming to the work hardening theories of plasticity 
and that a yield locus could he determined, or could establish 
the ratio of the vector components of the plastic strain 
increments « 

Unfortunately the theories impose certain conditions on 
the behaviour of the media which are contradicted by experi- 
mental observations on real soils. Drucker summarized the 
state of conflict and implied that more complicated theories 
might be required to explain the observed behaviour. 

The position in I960 was well summarized by Henkel. 

" So far it has not been possible to relate shear strains 
measjured in the various types of tools. Por a complete 
understanding of the stress strain behaviour of clays it is 
necessary that the shear stresses and shear strains should 
be related. Until this problem is solved it will not be 
possible to examine in any fundamental way the deformation 
behaviour of clays which have an Important bearing on many 
practical problems**. 

Henkel was concerned only with triaxial test data,- but 
his remarks are valid for all types of apparatuses. 

(After 1960) 

Calladine (1963) suggested a particular construction 
for the yield locus as forming a reasonable basis for 
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prediction of stress strain behaviour* The critical state 
concept and related application of plasticity theory extensively 
X developed by Roscoe and his co-workers at Cambridge (England), 
suggests that plastic volume changes may be handled independen- 
tly from those for shear distortion, using normality rule. 

It was implied that the materials considered conforms with the 
concept of stability introduced by Drucker (1959). 

further development was made by Roscoe and Schofield 
(1963), who maintained that during unloading the change in 
void-ratio is elastic and dependent solely on the change in 
average principal effective stress p' = ^ (a^ + 2 a'^) and is 
affected by change in deviatar stress q. = o^- cr^. 

Roscoe and Poorooshasb (1963) believed that most of the 
disagreement was caused by the inability of the testing methods 
used to reveal the true behaviour of soils under stress. By 
careful experimentation in restricted fields it is possible 
to obtain reliable data which removes some of the previous 
apparent contradictions and to obtain improved agree ment with 
theory. 

They showed that for normally consolidated samples of 
remoulded saturated clays, the strains observed during trhxial 
compression tests on samples with different degrees of drai- 
nage may be related to each other and the imposed stresses 
provided certain restrictive conditions are satisfied. 
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Stress was treated as an independent variable and the change 
in arbitrarily selected strain parameters expressed as fun- 
ctions of this variable . 


2.2 GAM CIiAY MODEL 

Due to the continuous effort by Roscoe and his co-workers 
(Cambridge group), a model which is known as Cam - clay model 
was presented. The concept of unique state boundary surface is 
introduced. The state of sample is defined by p' = ^ (<^+2^) 
q = and a variable e (void ratio) *. The 

state of sample can be represented by a point in p, q*e space. 
It has been found that when stmas paths for triaxial compre- 
ssion tests on normally consolidated samples of saturated 
remoulded clay are plotted in p',q,e space » they form a 
unique surface called state boundary surface. State boundary 
surface separates those states which are accessible to a 
given clay from those which are not. 


Roscoe and his co-workers made two assumptions concerning 
the elastic or recoverable behaviour of wet clays during 
shear . 

(l) first they assumed that, the elastic surface or wall 
(which cuts the q = 0 plane in p',q.,e« space along the 
swelling curve) is vertical so that the elastic limit 
curve lies directly above the swelling curve (This is 
the Galladine’s assumption). 
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(2) Secondly they assumed that there is hardly any recovera- 
ble energy associated with shear distortion 


i. e. ~ 0 

and at all times 

6e = S e-P 


( 1 . 2 ) 


( 2 . 2 ) 


The volumetric strain is only a function of p' = ^ ^ a l +0 2 +a 3^ 

(3.2) 


6T e = f- SB. 

1+e P* 


where k is the slope of the swelling curve in e-log p 
plot . 

Based on the above assumptions Cam., clay model was . , 

* \UQs&> 

derived and the following relations were obtained Incre- 
mental volumetric strain <sv is given by 


_ 1 _ X— K 

6v = m tx 5 * + 


x ££ r1 

P J 


(4.2) 


Incremental shear strain $e is given by 


6e = 


X _k p « Sn+ M ip . 
1+e 1 Mp* (M- n ) J 


yield locus is given by 


n = M log 


£< 

p, 


(5.2) 


( 6 . 2 ) 


State Boundary surface is given by 


M 


1_ i 


log 


£l 


(7.2) 


where p* is the value p when n = 0 and p g is the equivalent 
consolidation pressure as proposed by Hyorslev e (1937). 
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2.3 MODI PI CATION TO CAM. CLAY MODEL 

Burland (1965) used a different function for dissipated 
work 5 w as 

fiw = p* l/( Sv P ) 2 + (M6e p ) 2 (8.2) 

and modified the cam. clay model. In this modified form, 
the expression for volumetric strain fiv is given by 




(9.2) 


and the expression for the shear strain fie is given by 


fie = 


A — K 

i+e 


2 n 


*■ p ? 

M + n M~+n 


n 2u du , 6p 

] -g—g. + ~*~7 


( 10 . 2 ) 


The yield locus is given by 


p' + M 2 
p o = M 2 + u 2 


( 11 . 2 ) 


State boundary surface is given by 


£- = [ 


M 


M 2 + n 2 


] (1- X/k) 


( 12 . 2 ) 


2.4 WROTE* S MODEL 

Wroth (1968) suggested that it is possible to predict 
the stress strain behaviour of n.c. clays from the results 


of two series of tests 

(1) n -constant tests (anisotropic consolidation tests) 

(2) pi-constant ( pure shear test) 


11 


Ilie following expressions were derived out for this model 
Incremental volumetric strain <5v is given hy 



&v 

ap 


dp + 


dV 

dn 


( 13 .2) 


Incremental shear strain e is given by 


5e = Ip a i> + V CW -2) 

The factors ~ and •% were obtained from. 4 Constant tests 
3P 3P 1 

A -r T j 

and the factors f— and -r— were obtained from P-constant 

3n 3 ti 

t ests . 

This model has the ability to predict both loading and 
stress-paths, provided the parameters are obtained In the 
corresponding manner. Wroth has 'predicted the results of a 
a few stress path tests conducted on isotropically consoli- 
dated samples but not on < Q consolidated samples . 

2.5 MLAM) (1973) 

lew land argued that any stress path may be considered 
to be a combination of the two phases. Untrained shear will 
q_— increasing (p-constant) and consolidation with q_— constant . 

The results obtained by lew land on anisotropically consoli- 
dated kaolin could not be predicted by the Cambridge model. 

He brought the dependence of r- on consolidation stress 

and the effect of initial n value of X . Prom his experimental 

results for special stress paths investigated, he developed 

a semi-empirical relation between — and n « 

e *v 
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2.6 

Mathur (1976) dev eloped a model "based on p-eonstant 
q-constant tests and arrived at conclusions similar to those 
proposed hv ITewland . The basic equations in this model 
are follows . 

Incremental volumetric strain 6v is given by 

= 3P dp + fq dq (15.2) 

Incremental shear strain 6e is given by 


MAimjg'S PROPOSAL (1976' 



This model showed good agreement between predictions 
and observations on aniso tropically consolidated samples, 
tested under varieties of stress paths. 



CHAPTER 3 


TEST PROGRAMME 

3.1 GBIIERAL 

Pully drained triaxial tests were carried out on 

2 2 
specimens (11.68 cm area) consolidated under 0.2 hg/cm 

vertical pressure in perspex glass cylinders. The tests 

were designed to provide information on yield curve and 

the failure states of the clay in the stress region applicable 

to most Civil Engineering problems . The results are 

presented interms of the following effective stress and 

strain parameters . 


(1) 

Mean normal stress 

r 

p - 

(°1 + 2o 3 ) 
^ — 

(2) 

Deviatoric stress 

i = 

(o' ± - o£) 

( 3 ) 

Volumetric strain 
increment 

5 V = 

6 4* 26^2 

( 4 ) 

Shear 

fie = 

1 (SE 1 - 4e S> 


Axial displacements and volumetric changes were measured 
during all phases of testing. Strain parameters are 
calculated from these measurements by assuming a right 
circular cylindrical specimen shape. The total strains 
are calculated by simple summation of the natural strain 


increments . 
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All tests were carried out at constant temperature 
and under a back pressure of 2kg/cm^. Pi.lt er paper strips 
were used to facilitate drainage. Load increment durations 
were well in excess of the time required for complete 
dissipation of excess pore water pressures. 

p constant tests and q constant tests were performed 
on anisotropically consolidated specimens. In addition to 
that conventional triaxial tests (Loth drained and undrained) 
were performed on anisotropically andisotropically consoli- 
dated samples. 

3.2 MATERIAL USED 

The soil used in this study was a mixture of commer- 

IT 

cially available Kaolinite and Montmorilonite at a propo/tion 
of 80% to 20 % . Grain size analysis was done for this 
mixture and it was found the soil contains 80% clay. The 
liquid limit is 83.5% and the plastic limit is 33.5% giving 
a plasticity index of 50. The specific gravity of this 
mixture is 2.6. 

3 .3 PREPARATION OF SPECIMEN 

The soil was mixed with drained distilled water to 
form a slurry approximately having a water content twice 
that of EL, ai}d this slurry was reserved in a glass conta- 
iner,. so that all the specimens could be prepared from the 

g 

same slurry. Specimens of 11.68 cm area, were sedimented 
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in perspex glass cylinder from -that slurry. Specimens 
were consolidated to a predetermined pressure (0.2 kg/cm^) . 

3 A TRIAXIAL EQUIPMENT 

Standard triaxial cells of the Rorwegion type were 
used. The pressure lines were connected to a self compen- 
sating mercury column system, so that pressures applied 
during the test could he maintained constant;;. The tests 
were performed in the triaxial. room, which was maintained 
at constant temperature around 25°c to eliminate the effect 
of temperature variation. 

In the undrained tests perspex null indicators were 
used for the measurement of pore pressures. Alluminium 
frame hangers were used to support dead load in all of the 
anisotropic consolidation and shear tests. 

3 .5 SET UP OF SPECIMEN 

Before setting up the specimen all the pressure lines 
connected to the "base of the cell were flushed with drained 
water to eliminate entrapped airhuhhles . The specimen was 
then put on a porous stone which was inturn on the pedastal 
of the cell. Another porous stone and a loading cap were 
put on top of it. Both porous stones had been boiled and 
saturated before hand. 
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Eight 1 x 8 can Wahnan's Eo* 42 .filter paper strips 
v/ere placed around the specimens at approximately equal 
spacing* The use of filter side drains was to increase 
the rate of consolidation and equalization of pore pressures. 
The ends of the strips were placed in contact with the 
porous stone. Two thin rubber membranes with a thin layer 
of silicon grease applied in between were used to enclose 
the specimen. Constant head mer<s.ury pot arrangement was 
used to apply constant lateral stress. 

3.6 SATURATION OE SPECIMENS 

To ensure complete saturation and to overcome diffi- 
culties in measuring negative pore pressures a back pressure 
of 2kg/ cm was applied to the specimen. In the saturation 
process back pressure and cell pressures were applied 
equally and simultaneously with a pressure screw control 
at a slow rate to minimize the effect of disturbance during 
pressure application. 

The amount of water imbibed by the specimen during 
the saturation process and testing was measured by a 
volume measuring unit having a least count approximately 
0.01 cc • 

3.7 ANISOTROPIC CONSOLIDATION 

Anisotropic consolidation was arrived out by applying 
a vertical stress to the sample during consolidation in 



17 


addition to the cell pressure* Dead loading was used for 
this purpose. It was decided to apply pressures in small 
increments to avoid significant porepressure gradient* The 
time required for the consolidation process varied from 3 to 
8 days . 


All specimens were first consolidated anisotropically 
under various n condition to a certain predetermined pressure* 
The following equation was used to calculate the dead load 
increments for a corresponding cell pressure to produce 

anisotropic consolidation* The same equation was used to 
calculate the dead load increment in shear process hy using 
the n values at every stage . 



(1.3) 

(2.3) 


re will get 


.a. ( c _ u ) - (7f, + W — a O 


(3.3) 


where a .... average area of the specimen 

a .... area of the piston 
r 

. . . . weight of the hanger 
W * . . . weight of the piston 
W .... dead load to he added. 
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3.8 SHEAR PROCESS 


3,8.1 p-constant tes ts 


Samples were first consolidated anisotropically 

to 2.5 kg/cm ^ of mean effective pressure along various 
lines. q was increased in small steps, while keeping the 

g 

p» at the constant value 2.5 kg /cm . 


P ' = r (o 1 + 2 o 5 ) _ u 

4 = ' (°i - ^ 


ich&ui. il IS 

pore. pres^tA^-*- •> 


(4.3) 

(5.3) 


Using (4.3) and (5.3) the value of o 3 for a particular 
p>, q combination was calculated. By simply dividing 
q_ by p' the corresponding n value was obtained. Using 
(3.3) the dead load to be used was calculated. 


3 » 8 -2 q constant tests 

Samples were first consolidated anisotropically to 

2.5 kg/cm 2 of mean effective pressure, along various u lines 
pi was increased in small steps while keeping q at the 
constant value, which was reached at the end of the aniso- 
tropic process. Bead load at each step was calculated as 

explained under 3 ,8 .1 . 

5.8.5 mwm iOHAl BRAIUEDJ TES^ . 

Samples were first consolidated anisotropically to 

2.5 Hg/crn 2 of mean effective pressure along various n lines 
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q was increased in small steps while keeping at the 
constant value, reached at the end of the anisotropic 
consolidation process. 





(6.3) 


Using (6.3), (5.3) and (4.3) the value of for a parti- 
cular p f , q combination was calculated. Using (3.3) the 
dead load was calculated. 

3.8.4 Special shear tests 

One specimen, initially consolidated aniso tropically 

of 

was tested along a stress path which consists/ anisotropic 
consolidation, q-constant consolidation, p-constant shear 
and conventional drained shear test. 



CHAPTER 4 


OBSERVED STRESS DEFORMATION BEHAVIOUR OE AMS OTROPI CABBY 
CONSOLIDATED CLAY “ ” ' 

4.1 GENERAL 

Most of the data on the Behaviour of saturated clay 
has Been obtained from the results of tests on specimens 
consolidated under an anisotropic stress system at various 
n values . In the ground, however, sedimentary clay 
strata have Been consolidated under conditions of no lateral 
strains and in order to understand the field Behaviour of 
natural deposits, it is necessary to study laboratory specim- 
ens which have Been consolidated under these conditions. 

The ratio of the horizontal to the vertical effective 

stress, which satisfies the condition of zero lateral strain 

is called the coefficient of. earth pressure, at rest, and 

the symbol K Q is used for this ratio . The determination 

of K from triaxial test is presented, 
o 

4 .2 RELATIONSHIP BETWEEN VOID RATIO AND MEAN EFFECTIVE 
PRESSURE 

Remoulded specimens of clay were consolidated in the 
triaxial apparatus under anisotropic and isotropic conditions 
The test results have been plotted In e vs In p* plot as 
shown In Fig. 2. The failure points from drained undrained 
shear tests are also shown in Fig • 2 • 
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Table gives the values of X (compression index) obtained 
from various anisotropic consolidation tests along with 
the value of * (swelling index) obtained from isotropic 
swelling test . 

Table 1 


n 

X 

K 

0 

.291 

0,.065 

.2 

.287 

— 

.4 ' 

.280 

- 

.6 

.264 

— 

.8 

.252 

- 


a - value of 0.224 was obtained for isotropic case. 

X 

It may be seen (table l) that the slope of the consoli- 
dation line consistently decreases as the anisotropic 
ratio n increases. The difference in X values between 
n = 0 and n =.8 cases is 13.5% . This is comparable 
with the 15% variation in X values between n = 0 and 
n = .9 as obtained by Newland (1973) . 

The dependence of X on the value of n m the 
drained tests introduces an added complication to the 
simple concept of a unique state boundary surface and in 
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the prediction of stress deformation behaviour of clays . 
This aspect would be considered later w 

4.3 UEDEAIM SHEAR TESTS 

It is of some interest to examine the difference in 
the pore water pressure charact eristics of the specimens 
consolidated under different conditions. These characteri- 
stics are, of course, implicit in the stress paths, but it 
is nevertheless useful to draw attention to the values of 
the l A f parameters found in the tests. 

After isotropic consolidation the average value of 
parameter ’A’ in compression tests, defined as 

A was found to be close to unity. [Table 2] 

and in the range commonly associated with normally conso- 
lidated clays. For the K q consolidated specimens, however 
the average value of A^ was found to be 1 «6 • This is 
very close to thet value A^= 1.8 for the K<, consolidated 
specimens on weald clay, obtained by Henkel (1963) . 

Fig. 6 and 7 illustrate the stress strain behaviour 

and the pore pressure build up in the undrained tests 

performed. Table 2 shows the pore pressure parameters 

obtained from the above tests . 
f 
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TABLE 2 


Nature of the 
sample 

Initial consoli- 
dation pressure 

A f 

Voidratio at 
failure 

ISOTROPIC 

1 kg/cm 2 

.98 

1.31 

ISOTROPIC 

2 

1 l 

'.99 

1.11 

ISOTROPIC 

3 

1 t 

i 

.98 

0,98 

ANISOTROPIC 

1 

1 t 

1.58 

1.27 

ANISOTROPIC 

2 

! 1 

1.53 

1.08 

ANISOTROPIC 

3 

t ! 

1 .65 

0.97 


7 * 


Results of undrained, tests on Loth isotropically and 
anisotropically consolidated samples will he used vdiile 
discussing the state boundary surface for this clay. 

4.4 RESULTS OE P-CQNSTAIT TESTS 

P-constant tests were performed on the specimens 

which were anisotropically consolidated along various 

lines initially. The results are plotted in Bigs . 3 and 4. 

/ 2 

Big. 4 shows that all specimens consolidated to 2.5 kg/ cm 
mean effective pressure are consistently failing at a p 
value between 2.4 kg/ cm 2 and 2.5 kg/ cm 2 . This gives the 
average M = 0.98 and the angle of internal friction 
i — 24 .5 . 


I I T. KANPUR 
CENTRAL LIBRARY 


Ace, No. 
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4.5 q -CONSTANT TESTS 

c[— constant tests were performed on anisotropically 
consolidated specimens'. The results are presented in Fig. 5. 
Two things are clearly seen from this results.. 

(l) Each curve of q-constant phase is flatter at the start 
and then become steep so that an equivalent pre-consolidation 
pressure P can be obtained. Table 3 give's the values of P 
obtained in different cases 


TABLE 3 


INITIAL 


CONDITIONS 

P Q kg/ cm 2 

y 

q. 

n 

2.5 

1.0 

*4 

2.75 

2.5 

1 .5 

.6 

2.95 

2.5 

2.0 

.8 

3 .15 


(2) Due to the previous stress history some of the curves 
have a tendency to cross the virgin consolidation curve at 
high pressures. 

4 .6 CONVENTIONAL DRAINED TESTS 

Conventional drained tests were performed on the 
isotropically and aniso tropically consolidated samples and 
the results are shown in Pigs. 19, 20 and 21. These results 
were used to study the predictability at the proposed model. 
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4 • 7 SPECIAL TEST 

One specimen was tested along a stress path which 
incorporates 

1* Anisotropic consolidation 
2. q.-constant consolidation 
3* p'-constant shear test 
4 . conventional drained shear test 

in series and the result was used to check the predict- 
ability of the proposed model. 

4.8 V 0LIJMB1RIC YIELD POINT DETERMINATION 

Eig. 12 and 13 show the results obtained in drained 
tests plcfbed in the form of q vs., volumetric strain in 
order to get the volumetric yield points. Table 4 gives 
the details of these points. These yield points are 


shown in 

* 

Pig. 10 with 

the stress 

TABLE 4 

paths.. 



INITIAL CONDITION 

YIELD CONDITIONS 

"D om & v»Tr .Q 

n 

p r q. 

P r 

1 

e v 3 ^ 

Xu OJLliwvX UA-Vw* 

.2 

2.5 .5 

2.5 

1.20 

.57 


.4 

« * 1.0 

f 1 

1.77 

'.51 

P-constant 

tests 

.6 

* * 1.5 

! 1 

2.04 

.36 


.8 

' * 2.0 

r t 

2 »19 

.20 



.4 * * 1.0 2.75 1.76 2.40 


C o nv ent i onal 
drained test 
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Tests on isotropically consolidated samples also indicate 
a yield point but the fundamental basis for this behaviour 
is not q/oite clear . 
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CHAPTER 5 

. PREDICTED AND OBSERVED STRESS STRAIN BEHAVIOUR 


5 * 1 PROPOSED MODEL BY MATHUR (1976) 


In this model Mathnr proposed to analyse the drained 
shear behaviour along any stress path -by considering the 

by 

contributions mad^-P 1 -constant and ^constant tests. 

Since p r & q are the independent variables in this approach 
strains (both volumetric and shear) are considered to be 
the functions of p' and q only 

volumetric strain e v = f (p'*q) (1*5) 

and shear strain e = g (p r ,q) (2.5) 


Now during the application of any stress probe (dp, dq) , 
the changes in the strains can be represented by the 
following relationships 


3e. 


3e 


dc = 
'V 


3 P 


dp 


V 

31 


dq 


(3.5) 


de = ~ dp + ~ dq (4.5) 

3P * 31 * 

— — and — are the parameters, respectively giving the 
3P 3P 

part of volumetric and shear strains^ contributed by 
q-constant consolidation process, and these parameters 
are obtained from q-constant consolidation tests 

21 and — are the parameters respectively giving the 

3 1 31 
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part of strains contributed by shear process and these 
parameters are obtained from p-constant pure shear tests. 

5.2 DETMIIATIOh OP PARAMETERS 

p'-constant and q-constan-fe tests were performed on 
anisotropically consolidated specimens. The p-constant 
test results were plotted in 


If 

In -vs shear strain 


(fig. 8) 


and 


■3— vs volumetric strain 

If 


(fig. 11) 


plots as suggested by Wroth (1968) . The slope of these 

straight lines known as D 1 is related to the parameters 
3e 

— ~ and in the following way 


5e v D« 
31 l f 


(5.5) 


3e _ D 1 

31 " l f -l 

Table 5 gives the values of D ! obtained . from figs 

h 

the samples having different initial /values . 


(6.5) 
8 for 


Calculated mean for the above values &f. D* = .046, 
having a standard deviation of + 16 % • 
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Table 5(fig . 8) 


Initial n 

D* 

0 

.055 

.2 

.047 

.4 

.047 

.6 

.041 

.8 

.039 


Table 6 (fig* 11) 


Initial n 

D* 

0 

.0465 

.2 

.0460 

.4 

.0455 

*6 

.0460 

.8 

.0455 


Table 6 gives the values of D ! obtained from fig* 11 for the 
sample having different initial n values. Calculated mean 
for the above values of D is ,046, having a standard devia- 
ation + 2% . 

The results of q-constant tests were plotted US 

Volumetric strain (6 ) vs . In p 1 s 

Y > m Fig . 9 . 

and shear strain (e ) vs . In p' J 

The slope of the plot S vs In p is a 1 and is related 

to the parameter d^v in the following way (7.5) 

ap . . : 


5c 

9p 


a 


1 


(7.5) 


The slope of the plot 6 vs . In p’ is a 3 and is related 


dG 


to the para meter ~~ in the following way 


56 _ ^3 

dp P 1 


From fig. Q a 1 = .107 and a 3 = .035 . 


(8.5) 
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From the equation (3.5), (4.5), (7.5) and (8.5) the 
incremental volumetric and shear strains can he written 
as 

4e v = “l 5^ + qj d 4 0-5) 

46 =0: 3f |£+ ip?; d 1 C°-5) 

for stress paths in which both Ap and Aq are 
increasing. 

5.3 PREDICTED AED OBSERVED STRESS PATH 

Using a± = .107 a 3 = .035 and D'=.046 in (9.5) 
and (10.5), we get 


dG v = 0.107 

+ .046 

if 

(11,5) 

de = .035 

+ .046 

dq 

q f -q 

(12.5) 


Table 7 and 8 show the specimen calculation for the 
predicted stress strain behaviour, along ’A 1 stress path 
(conventional drained test). 

TABLE 7 


P' 

1 

If 

.107 

.046 

de % 

V 

o\° 

i> 

CD 

2.5 

0.00 

2.45 

- 

- 

- 

- 

2 .6 

0.30 

2.55 

42 x 10 -4 

55.1 x io" 4 

.971 

.971 

2.7 

0,60 

2 .65 

40 .5X10*"" 4 

53 .1 x io” 4 

.936 

1.907 

2 .8 

0.90 

2.75 

39.0X10" 4 

51.1 xiO” 4 

.901 

2.808 
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TABLE 8 


p r 

1 

V 9 - 

.035 

. 046 

1 1 -1 

de 

e 

2.5 

0.00 

2.45 

- 

- 

- 

— 

2.6 

0.30 

to 

• 

ro 

cxi 

13 .7 ^ 10" 4 

58.8 x io^ 

.•725 

..•73 

2.7 

0.60 

2.05 

13 .2 x 10" 4 

64 .3 * 10" 4 

.775 

1.50 

2.8 

0.90 

1.85 

12.7 x 10" 4 

70.8 x IQ -4 

.835 

2.34 


At lower stress lew els the predicted value of axial strain 
slightly higher than that of observed value* But at higher 
stress level the predicted value of axial strain is slightly 
lower than that of observed value. However, the maximum 
difference observed between the predicted and observed value 
is less than 2 % . This maximum difference is still less 

in the case of anisotropically consolidated samples. The 
maximum difference between the predicted and observed strains 
for anisotropically consolidated sample is less than 1% . 

As far as the volumetric strain is concerned the propo- 
sed model predicts slightly lower value than the experimental .- 
But the maximum difference is not more than 1% . 

5.4 PBEDIOTIOH OB ANISOTROPIC CONSOLIDATION BEHAVIOUR 

By definition anisotropic consolidation test is a 
test in which the ratio between major and minor principal 
stress is always same. 
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r.e. 


! 

°1 


K 


a* = (l-X) a* 


(13.5) 


| (a* ± 2a’ ) = | (1+ 2K) a’ 

£ = iLl _ 

P* £ (aj + 2a’) " 
dq. = n dp' 


(14.5) 


(15.5) 

(16.5) 

Using (14,5), (15.5), (16.5) in (3.5) and (4.5) we get 


low q. f = r, M .p' 


or 


dG v = 

de = 

b v . 


V 


p^" + tTp^" d P 


D'n 

MP*" 


a — + 21a. do 

a 3 p' + M-n P 


§£. 

P r 

paffta^ ^ V “ <= v 

[ a. 




+ £12.] is. 

^ m J p' 


r a +2JLHi ^E. 

1 a 3 + M-n J P r 


(17.5) 

(18.5) 

(19.5) 

(20.5) 


The flow rule for anisotropic consolidation becomes 

D’ n 

6 

51 


V 


a 3 + ®-n 
.D’n 

a l + IT 


(21,5) 


Substituting = .107, = .035 and D’ = .046 we 

get 
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.035 + 


.046 u 

r.98.n' ) 


. 10 ?.,+ 


.046 n 

7m 


(22.5) 


Equation (22.5) predicts the total strain increment ratio 

s 

- — for anisotropic consolidation tests for various n values . 
b v 

Fig. 16 shows the prediction of the flow rule by the proposed 
method along with the predictions by two other models 


TABLE 9 



• 

g 

observed g— 

predicted 

G 

b; 

0 

- 

.32 


.2 

.24 

C\3 

* 


.4 

CO 

IQ 

• 

.54 


.6 

1.08 

.90 


.8 

2.40 

1.62 



0 

Table 9 gives the observed g-— along various consolidation 
lines, with the predicted value by the equation (22^5). The 
predictions sebms to be very close to the observed values. 
Roscoe and Burland (1968) over predict the value of ^e/e^ as 
shown in fig. (16)* In case of soils the direction of plastic 
strain increment vector is dependent on the direction of 
stress increment vector, and the flow rule used by Roscoe 
and Burland does not incorporate this important fact. 
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5.5 PREDICTION OE K BY HIE PROPOSED MODEL 
o — - — — — — — 

By substituting ~ = — for no lateral strain condition 

v 

in (21.5) we get 


2 Ma i T) ' 

n + 1 1 + - 5 a. 


CCr 


-1.5 


a- 


■] n + 


[1.5 


OCr 


a. 


- 1] M 


2. a l 


D 


r = o 


(23.5) 


Using D* = .046, a- = .107 and ct~ = .035 in (23.5) 

J- o 


n 2 + 1.682 In - 1.19 M 2 = 0 


(24.5) 


which gives 
But 


T1 


.535 M 


(25.5) 


3(1 - K ) 6 x sin $ 

n = — — - — and- M = — — 
(1+ 2E ) 3 - sin # 


Hence K = 
o 


1 - .69 sin <|> 
1 + .38 sin <T 


(26.5) 


The prediction of K q values, for various by the 
equation (26.5) was shown in fig. 18, The predictions 
by other models are also^ given for the comparison. The 
predictions by proposed model fits well with the experimental 
points for the range of $ values below 30° . 

5.6 STATE BOUNDARY SURFACE 


The concept of unique state boundary surface first 
introduced by Roscoe, Schofield and Wroth in 1958, has been 
considerably extended and refined in the subsequent works 
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at Cambridge. Other workers e.g .Henkel and Sowa (1963). 

Khera and Krizek (1967) have reported results which do not 
seem.' to accord with the basic posulate but very little 
detailed experimental investigations directed specifically 
towards a critical evaluation of its validity has been 
reported. 

The dependence of X on the value of n in drained 
tests were discused in the earlier chapter. This introduces 
an added complication. The experimental results presented 
here in Figs. 14, 15 and 17 demonstrate that the state 
boundary surface for drained test does not agree with the 
state boundary surface for undrained tests. 

The model presented by Roscceand Burland (1968) predicts 
the undrained state boundary surface well, but not the 
drained test results as shown in figs* 15 and 17. It will 
be seen (Pig. 15 and 17) that the results of all the drained 
tests lie between the state boundary surfaces obtained for 
P and q_ constant tests . 

These observations are consistent with the work of 

lewin (1971, 1973 and 1975), lewland (1973) and Mathur (1976). 

As advocated by lewin, Rewland and Mathur, it would appear 

the 

that a semi-empirical approach similar to/ one discussed here 
to the study of path dependent stress-strain laws for normally 
consolidated clays may provide an alternative simple and 
sound method at present time (1976) . 
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CONCLUSIONS 

Based on the above study it is evident that 

(1) The compression indices x for various anisotropic 
consolidation tests are not the same. It decreases 
with the increase in ti . 

(2) The proposed model by Mathur (1976) predicts the 
Stress - Deformation behaviour, anisotropic conso- 
lidation behaviour and the coefficient of lateral 
earth pressure K Q satisfactorily. 

Stress path dependent soil behaviour can be adequately 
predicted by the proposed model. Parameters involved in 
the proposed stress strain model can be easily obtained with 
the help of suggested plots . These parameters are constant 
through out the stress range (up to failure) which is of 
practical interest in the study of in-sit u soil behaviour. 

(3) The state boundary surface from drained tests does not 
agree with the state boundary surface from undrained 
tests . All the points from drained tests fall in the 
apace enclosed by q-constant tests and p* -constant tests 

(4) Well defined yield point has been shown to exist 
for p-constant, q-constant and l A* stress paths 
during shear for aniso tropically consolidated .clay 
(fig. 10). This provides further confirmation of the 
existence of well defined yield locus for soft 
clays as suggested by Mitchell (19.70) . 
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